Optimization of high-efficiency hemodialysis by detection and correction of fistula dysfunction. Recirculation studies were performed in 103 patients treated with high-efficiency dialysis over a 14 month period. Fistulograms were performed on 22 out of 25 patients with greater than 0.15 fractional recirculation at a 400 mi/minute blood pump setting. Clinically significant abnormalities were found in 82% (N = 18) and treated in 17. Two patients had second episodes of elevated recirculations and were treated again within the period of follow-up. Treatment with angioplasty (N = 11) or surgical revision (N = 8) resulted in a fall in recirculation from 0.33 0.04 to 0.12 0.02 (P = 0.001). The fractional reduction of urea clearance due to recirculation fell from 0.20 0.03 to 0.08 0.02 (P = 0.001) and the effective urea clearance of the dialysis treatment rose by 16% from 193 7 mI/mm to 224 6 mI/mm (P = 0.001). Pre-dialysis BUN fell from 72 4 mg/100 ml to 62 3 mg/100 ml (P 0.012). There was no correlation between venous pressure (VP) at 400 mllmin blood pump setting and recirculation (R2 0.04), although VP changed significantly comparing values before and after fistula repair (211 10 vs. 186 7 mm Hg, P = 0.012). Venous pressures in 20 of the patients in our dialysis unit with recirculations of <0.10 were 201 6 mm Hg (P = NS compared to patients with recirculation 0. 15 at 400 mI/mm blood flow). We conclude that: a) significant reductions of fistula flow rates as determined by increased recirculation occurs in the absence of other abnormalities in fistula function such as increased VP or thrombosis; and b) correction of fistula abnormalities detected by increased recirculation improves the quality of the dialysis procedure by increasing effective clearance of solutes. hemodialysis are generally in the 350 to 450 mi/mm range, the possibility of recirculation occurring with less severe depression of fistula flow is possible. Although fistula blood flow can now be measured intraoperatively through certain prosthetic grafts [2], there is currently no accurate, practical method for direct measurement of fistula flow in the dialysis unit. We describe our experience using standard recirculation studies to detect correctable fistula dysfunction.
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Methods
The 103 patients in this study were drawn from the Chromalby American Kidney Center at Washington University Medical Center over a 14 month period. All patients were receiving hemodialysis three times weekly with a Fresenius A2008D (Seratronics, Concord, California, USA) dialysis machine, bicarbonate dialysate, hollow-fiber artificial kidneys (Clirans TAF1O and TAFL2, Terumo Corp., Japan; F8, SCE 135, Cordis Dow, USA). Fifteen gauge needles were used for access puncture and were placed at least 4 to 5 cm apart. The inflow needle was directed towards the arterial anastomosis and the outflow needle was directed towards the venous anastomsis of the fistulas. We routinely adjust the blood pump to the prescribed speed (usually 400 ml/min) within five minutes of initiating dialysis. The dialysis prescription is derived in all patients from urea kinetic modeling [31 performed every two months as previously described [4] .
Hollow fiber dialyzer urea clearance (Cd) was determined by the following formula:
Cd (mi/mm) = 
337
Successful high-efficiency hemodialysis is dependent on dialyzer function, blood and dialysate flow rates and adequate fistula flow. Recirculation of blood through the extracorporeal circuit will occur if the fistula flow rate is insufficient to support the desired dialysis blood flow. This results in less delivery of solute to the artificial kidney and reduced effective solute clearance (that is, effective urea clearance). A previous report suggested that elevated recirculations found during hemodialysis at blood flows of 200 to 250 mlimin are indicative of fistula dysfunction [1] . At these lower blood pump speeds, significant impairment of fistula flow rates would be necessary for recirculation to occur. As blood flow rates with high-efficiency The fractional reduction of urea clearance (FRC) due to recirculation was calculated by the following formula [6] :
The effective urea clearance due to recirculation was determined as follows:
Effective urea clearance (mI/mm) = Cd x FRC (4) where Cd is calculated from formula [1] and FRC is calculated from formula [3] .
All venous pressures (mm Hg) were measured at a Qb of 400 mi/minute within the first 15 minutes of dialysis. The reported venous pressures are the mean of determinations from the three consecutive dialysis treatments prior to the day of the recirculation study.
Statistics
Statistical analysis was performed using the Student's t-test for paired and unpaired data, chi-square and by regression analysis. All results are reported as the mean SEM.
Results
Recirculation studies were performed in 103 patients over a 14 month period. Twenty-five patients were identified that had recirculations 0.15 or greater and 22 of these were studied by fistulography. Patient demographics and fistula configurations are shown in Table 1 . Patient age and the presence of diabetes were not significantly different between those patients with or without elevated recirculations. A prosthetic bridge fistula (all polytetra-fluoroethylene) was present in 24 of 25 patients with elevated recirculations (96%) while this type of fistula was present in only 23 of 78 patients with recirculations of <0.15 (70%; P < 0.025). The presence of diabetes was more frequent in the patients with elevated recirculation values (60%) but the differences in prevalence were not significant.
Significant abnormalities of fistula were found in 18 of the 22 patients investigated (82%). All patients had significant stenoses or occlusions of the venous outflow by fistulography (at the anastomosis or beyond). Three patients additionally demonstrated significant stenoses at the arterial anastomosis. Seventeen of the 18 patients underwent fistula revision as deemed most appropriate. Two patients had recurrent elevation of recirculation six and nine months later and were treated a second time. Overall, eleven percutaneous balloon angioplasties and eight surgical interventions were performed. The mean pre-interventional recirculation was 0.33 0.03 in the 17 patients receiving some type of therapy (19 interventions in 17 patients; Fig. 1 ). Repeat recirculation studies within one month of treatment following therapy showed a decrease to 0.11 0.01 (P < 0.001). Seventy-five percent of interventions resulted in reductions of the recirculation to less than 0.15.
Pre-dialysis BUN concentrations were 75 5 mg/lO ml prior to and 62 3 mg/lOO ml after fistula intervention (P = 0.012; 
Discussion
Adequate fistula function is essential to meet the demands of the high blood flow rates prescribed for high-efficiency hemodialysis. We have found that recirculation studies performed at blood pump settings of 400 mi/mm are extremely useful for detecting clinically significant fistula abnormalities not apparent by other means. In our study, 82% of dialysis patients with a recirculation greater than 0.15 had fistulograms demonstrating significant stenoses or occlusions. Moreover, correction of these abnormalities by angioplasty, surgical fistula revision or new fistula placement resulted in an improved estimated effective urea clearance and reduced predialysis BUN concentrations.
Pitfalls in the delivery of the prescribed dialysis regimen include overestimation of delivered blood flow [7, 81, undetec- ted dialyzer dysfunction [4] and fistula recirculation [1, 7] . These proolems become magnified in the setting of highefficiency hemodialysis. Deriving the effective or in vivo urea clearances from urea kinetic modeling is a valuable tool for detecting unexpected deficiencies in delivery of the dialysis prescription. We recently reported episodes of inadequate hemodialysis due to unsuspected dialyzer dysfunction not detected by usual validation testing during reprocessing [4] . In the present report, a majority of our patients were suspected of having fistula dysfunction after unexpectedly low urea clearances were derived from urea kinetic modeling. Little attention has been directed towards potentially amenable patient problems, such as inadequate fistula flow rates, for optimizing delivery of hemodialysis. Thus, performance of urea kinetic modeling on a routine basis has allowed us to not only individualize dialysis prescription but to detect aberrations in the delivery of the dialysis treatment.
In our experience, the predominant cause of inadequate fistula flo as determined by recirculation studies are structural defects. The majority of these abnormalities were amenable to angioplasty or surgical fistula revision. Thus, a recirculation of 0.15 provided an excellent yield in searching for correctable abnormalities of the fistula. We suspect that reducing the threshold for further angiographic investigation to a lower recirculation (for example, 0.10) might detect patients with additional correctable abnormalities but would likely lead to an increased false positive rate. We have not investigated subjects below 0.15 recirculation in a routine fashion. Recirculation or admixture of blood during the dialysis procedure will reduce effective solute clearance [6] . This occurs as the result of dilution of arterial blood with that which has already passed through the dialyzer thus reducing delivery of urea and other solutes. Although the efficiency and clearance of the artificial kidney is not intrinsically impaired, the concentration gradient driving diffusion of solutes into the dialysate is reduced. Thus the expected quantity of the dialysis treatment from the prescribed dialysis parameters will not be obtained Some of our patients had normal fistulograms despite clear evidence of recirculation. Although we did not have means to investigate the etiology of apparent reduced fistula flow rates in these patients, we would speculate that recirculation was probably due, in part, to poor arterial inflow into the limb or forearm due to peripheral vascular disease or reduced cardiac output. As the population of elderly patients on dialysis grows, we expect to find this situation more frequently in the future.
Various techniques for estimating fistula function with recirculation studies have been reported. We used the standard simultaneous three-point blood sampling method (peripheral vein, arterial and venous line) for all of our patients. Modifications of this method [9, 10] are designtd not so much for improved accuracy but for convenience. Other more direct means for accurately assessing fistula flow rates using intraoperative ultrasonic technology are in use, but are not practical for routine screening [21. It is anticipated that techniques will become available that will allow for correlation between indirect and more direct measures of fistula flow rates.
We were unable to demonstrate any correlation between increased recirculation and pressure in the venous blood line, although, we did note a slight but significant reduction of venous pressure after treatment of fistula stenoses. In addition, venous pressures in a group of dialysis patients with recirculation values of less than 0.10 were not significantly different from those with elevated recirculation. We feel that elevated venous pressures are probably evidence for severe fistula dysfunction with multiple stenoses or difficult needle placement, and is also dependent upon needle gauge. It has been suggested that measurement of venous pressures at 30 minutes of dialysis with blood flow rates of 200 mllmin are indicative of potentially correctable structural abnormalities of fistulae [11] . In order to maximize the efficiency of the dialysis treatment, we turn up the blood pump flow rate to the prescribed amount (usually 400 mllmin) within five minutes. Thus, we are not able to compare our results with this report.
Application of urea kinetic modeling to patients with the goal of optimization of dialysis efficiency requires attention to all of the determinants of dialysis. Routine performance of modeling has lead us to search or fistula and dialyzer dysfunction in some patients. Inadequate fistula flow rates leading to recirculation of blood will reduce effective urea clearance. Tnus, until more accurate means of estimating fistula flow rates are developed, we recommend that recirculation studies be performed on selected patients. The patients at highest risk for fistula dysfunction are those with diabetes and prosthetic graft fistulas. Although periodic screening of fistula recirculation may be warranted, the optimal time interval is unknown. In addition, we recommend investigation following fistula thrombectomy, after new fistula placement and after detection of decreased urea clearances as derived from urea kinetic modeling.
